Wave action and density dependent effects can strongly affect the ability of sessile barnacles to feed and assimilate energy. Phenotypic plasticity in cirrus form has been demonstrated in several species of acorn barnacles in response to those factors. Field experiments were used to test whether cirrus morphology of the North Atlantic acorn barnacle, Semibalanus balanoides, varied in sites over a gradient of wave-exposure or in aggregations manipulated for population density and neighborhood size. Variation in morphology of the feeding cirri differed between sites, but was not directly related to estimates of wave exposure. This may have been a result of altered feeding behavior in different types of flow. Cirrus morphology did not vary with either aggregation size or density. This study identifies variation in cirrus form for S. balanoides, suggests its dependence on the hydrodynamic environment and lack of dependence on density.
INTRODUCTION
Phenotypic plasticity, the expression of alternate phenotypes in different environmental conditions, has been well documented for many marine invertebrates. For example, the marine snails, Lacuna vincta (Montagu, 1803) and L. variegata Carpenter, 1864 alter the morphology of their radulae in response to changing diet (Padilla, 1998) . Acorn barnacles, such as Balanus glandula Darwin, 1854 , Chthamalus dalli Pilsbry, 1916 , Jehlius cirratus (Darwin, 1854) , Semibalanus cariosus (Pallas, 1788) , and Tetraclita japonica (Pilsbry, 1916) have been shown to vary the morphology of their cirral fan in different wave environments (Arsenault et al., 2001; Chan and Hung, 2005; López et al., 2010; Marchinko, 2003; Marchinko and Palmer, 2003) . In environments exposed to heavy waves, the rami of the cirri are shorter and stouter, and are likely more resistant to damage. In calmer environments, they are longer and thinner, providing a greater surface area for particle capture. Given their sessile lifestyle, the ability to match phenotype to environment is important for barnacles that become permanently fixed where they settle. Many other features of barnacle anatomy vary across environments, including the penis (Hoch, 2008; Hoch, 2009; Neufeld and Palmer, 2008) and the test (Jarrett, 2008; Lively, 1986; López et al., 2010) .
Barnacles are known to have strong density dependence in growth and survival, owing to both competition and facilitation (Bertness, 1989; Connell, 1961; . The benefits of mating opportunities and protection may or may not be canceled out by competition for space and food resources (Leslie, 2005) . In some cases, an individual's growth rate and fitness may be strongly influenced by its ability to capture rare, high quality food particles (Wethey, 1983) . A larger cirral net in dense conditions may increase the odds of an individual obtaining such particles. Such density dependence in the morphology of the cirri has been observed for the barnacle, Jehlius cirratus (B. A. . Density dependence in cirral structure is not universal, however; it was not observed for the barnacle Notochthamalus scabrous (Darwin, 1854) [see López et al., 2010] .
Whether the cirri of Semibalanus balanoides (Linnaeus, 1767) show patterns of variation over wave exposure gradients or in response to density has not been thoroughly investigated. I used field experiments to test two hypotheses concerning the functional morphology of cirri for S. balanoides: 1) barnacles alter cirrus morphology in response to wave exposure; or 2) barnacles alter cirrus morphology in response to local aggregation size/density. I performed an experiment at five sites over a wave exposure gradient, creating manipulated aggregations (see below, under methods) with varying numbers of individuals and differing levels of crowding (since either the number of competitors or how densely they are packed may influence competition) to detect whether any of those factors significantly influence cirri length. I performed a transplant the following year, moving individuals from dense aggregations in a site of medium wave exposure to experimental arrays in areas of high or low wave exposure and varying for population density to determine if morphological variation observed in the first experiment was a result of phenotypic plasticity. '' 40u37913.110N, 73u18923.230W) . In each site, I manipulated 0.5 m 2 plots in the middle third of the vertical range of barnacles (to hold emersion time constant). I divided the plots into quarters and manipulated two factors in each by removing barnacles: the number of individuals (high: $ 10, low: # 4) and the level of crowding (dense: contact between neighbors, sparse: no contact between neighbors). This resulted in four treatments in each plot: high numbers, densely crowded (HD), high numbers, sparsely crowded (HS), low numbers, dense (LD) and low numbers, sparse (LS). Semibalanus balanoides sheds its exoskeleton relatively frequently (as fast as every two weeks), so there was ample time for condition specific phenotypes to develop (Crisp and Patel, 1958; Stubbings, 1975) . Between 2 November and 8 November 2005 I collected barnacles from each treatment in each plot. 271 barnacles from the five sites (each of which had 15, 16, or 17 plots) were used in the analyses.
The sites are situated over a gradient of wave exposure. PJH is at the blind end of a protected harbor behind floating docks; it experiences almost no perceptible wave action. SBH is in a channel between Long Island Sound and Stony Brook Harbor; it is rarely exposed to waves, although it is subjected to tidal currents. Flax is exposed to the waves of Long Island Sound and tidal flow from a salt marsh; it appears to be of intermediate wave exposure. Shin is located on the inlet side of a large jetty in the Atlantic Ocean; it is exposed to oceanic waves as well as tidal exchange from Shinnecock Bay. The Moses site is on a beach groin on the exposed shore of the Atlantic Ocean; it is exposed to oceanic waves. I attempted to quantify relative wave exposure (actually, relative water motion) by comparing the dissolution rates of plaster spheres. Plaster dissolves more quickly in faster flows but is also affected by temperature, sediment scour, and water chemistry (Thompson and Glenn, 1994) . The sites are all located near sandy bottoms, so I assumed similar sediment profiles at each site and that scour was proportional to water motion. Between 29 October and 7 November 2005 I bolted 3-cm-diameter plaster spheres among the barnacle treatments at each of site. The spheres were submerged for approximately 36 h (plus 36 h un-submerged during low tide), and then dried and weighed to determine the percent mass of plaster lost. I repeated this six times at each site.
In June 2006 I collected live barnacles from Flax, off of mussel shells near the 2005 plots. I removed individual adults from mussel shells with a rotary saw (model 275 Dremel moto-tool). I built experimental arrays by fastening five 5-cm-square limestone tiles to 46 cm metal straps. I glued (with JB-Kwik; JB-weld Company) four barnacles to each tile. To simulate variation in density, I altered the inter-individual distances on each tile by fixing the barnacles in a square pattern with vertices (inter-individual distances) of 0.5 cm, 1.0 cm, 1.5 cm, 2.0 cm or 2.5 cm apart (randomly ordered). I chose to install the arrays at SBH and Shin because they appeared to be very different in wave exposure (based on dissolution rates of plaster spheres and personal observation of wave action) and for ease of access. I bolted the arrays in the same region as the 2005 plots. I replaced barnacles that died with similarly-sized barnacles from the source population each week until mid-September. In mid-October I collected the arrays, examined all the barnacles for health, and returned them to the sites. I installed one plaster sphere next to each array for 2 days (24 h submerged) at both sites to use dissolution rate as a measure of relative water motion. I repeated this four times between 6 October and 10 November 2006. On 16 November 2006, I collected the 28 surviving arrays (14 from each site) and froze the barnacles.
I removed the sixth cirrus (following Marchinko, 2003) from each barnacle, wet-mounted them on glass slides and photographed them with a microscope at 403 magnification. I measured the length using the segmented line tool in ImageJ (Rasband, 1997 (Rasband, -2007 , following the curve along the outer margin of the ramus. Test volume was estimated for each individual by treating it as a truncated cone (following Hoch, 2008) .
I performed ANOVA using a general linear model and Tukey HSD test to compare the percent mass lost from the plaster spheres in each site in 2005 (using the arcsine-square root transformation, as suggested for percentage data by Sokal and Rohlf, 1995) . Morphological data were logtransformed to meet standard assumptions for analysis in SAS (SAS 9.2; SAS Institute 2003 . For the 2005 data, I used a split-plot ANOVA (Gotelli and Ellison, 2004) to test the hypothesis that site (the whole-plot factor), numbers of individuals (a sub-plot factor), crowding (a sub-plot factor) and block (treated as a random factor) with test volume as a covariate (to remove the effect of body size), affected the length of the cirri. Tukey-Kramer post-hoc tests were used to determine whether different sites or different number/density treatments had significantly different size-adjusted means. I used regression to test whether relative wave exposure (the independent variable, measured by mass loss of plaster spheres, arcsine-square root transformed) affected the size-adjusted means of cirri length (the dependent variable). For the 2006 data, I performed a split-plot ANOVA, to test the hypothesis that test site (the whole-plot factor), volume (a sub-plot factor), the distance treatment (a subplot factor), the interactions between them and block (a random factor) affected cirrus length. In this case, there were significant interactions between test volume and site and between test volume, site and distance, so test volume could not be used as a covariate. I compared the percent of plaster mass lost (as a measure of relative wave exposure) between sites and across dates with repeated measures ANOVA (Cody and Smith, 2006) , with date as the repeated factor.
RESULTS
Plaster dissolution rates confirmed that the sites differed in water motion in 2005 (Fig. 1A , Table 1 ). The Tukey HSD test indicated that Moses and Shin (the two sites on the open Atlantic) did not differ significantly in water motion (P . 0.05) and that Shin and Flax (the site exposed to the open water of Long Island Sound) also did not differ significantly in water motion (P . 0.05). SBH and PJH each had progressively less mass loss and were statistically distinct from all other sites.
In 2005, cirrus length (N 5 271; Fig. 2A , Table 1 ) varied significantly among sites (P , 0.0001), with blocks nested within sites (P , 0.0001) and with the covariate, test volume (P , 0.0001), but not with any number of individuals or density (P . 0.05, Fig. 2B ). Barnacles from PJH and Flax had the longest cirri, followed by those from Shin. Barnacles from SBH and Moses had the shortest cirri (see Fig. 2A , B for significantly different groups, as identified by the Tukey-Kramer tests). Regression showed no significant variation of size-adjusted mean cirrus length with relative wave exposure (P 5 0.3554, slope 5 20.1856, R 2 5 0.28382). In 2006, relative water motion, measured as mass loss from plaster spheres, varied significantly between sites (P , 0.0001), across dates (P , 0.0001), and with their interaction (P , 0.0001). Shin had greater mean mass lost on each date and significantly greater mass loss overall (Fig. 1B, Table 1 ). Cirrus length (N 5 193; Fig. 2C , Table 1 ) varied significantly with test volume (P , 0.0001), between sites (P 5 0.0052), with the interaction between test volume and site (P 5 0.0007), the interaction between site and distance (P 5 0.0423) and the three-way interaction between test volume, site and distance (P 5 0.0363).
DISCUSSION
Regression of cirrus length on estimated wave exposure could not confirm that length increases with decreasing exposure, as has been demonstrated from other species (Arsenault et al., 2001; Marchinko, 2003; Marchinko and Palmer, 2003) . In those cases, there was a strong response and barnacles from sites of greater wave exposure produced shorter, thicker cirri. For S. balanoides, such a relationship was not supported. However, the divergence in sizeadjusted mean in the transplant experiment suggests that barnacles are capable of adjusting cirri morphology to match local conditions.
With the exception of Stony Brook Harbor there seems to be a general pattern of shorter cirrus length with increased wave-exposure. The results from Stony Brook Harbor may demonstrate that strong laminar flow has similar effects on cirrus morphology as the turbulence and forces provided by crashing waves. Differences in barnacle feeding behavior related to flow, but unrelated to wave exposure may explain this. The Stony Brook Harbor site is protected from Long Island Sound by seawalls, floating docks and islands. The site experiences little wave action except during storms, and even then, the waves are weak owing to the short fetch. However, because of the site's location on a channel between Stony Brook Harbor and Smithtown Bay, it experiences strong tidal flow on both the falling and rising tides. These differences in flow may not be detectable using plaster dissolution rates as a relative measure. In calm environments barnacles create their own feeding current through pumping or beating of the cirri; in areas of higher flow the cirri are often extended for passive capture of particles (Crisp and Southward, 1961) . These differing behaviors have been associated with differences in size of the cirral net (Marchinko, 2007) . Barnacles at the Stony Brook Harbor site may obtain the majority of their food through passive capture with extended cirri during the periods of strong tidal exchange. Relatively shorter cirri will reduce the energetic demand of extension in steady flow, capture more than enough particles to sustain growth and reproduction and reduce the risks of increased drag.
Plasticity in cirral morphology in response to wave action is not limitless; at increasing wave exposure, a threshold is reached beyond which morphology ceases to change (Li and Denny, 2004) . This may owe to the fact that during extreme wave events barnacles retreat into their tests and do not attempt to feed (Miller, 2007) . Barnacles at the Shinnecock site may restrict their feeding to periods of relative calm, or even to the brief calm periods after wave impacts, reducing the need for shortened cirri. Barnacles tend to feed less and go through a period of anecdysis (cessation of molting) while they are brooding eggs (Crisp and Patel, 1958) . Semibalanus balanoides broods its larvae in the winter (November to February; Barnes, 1992; Stubbings, 1975) , the period of heaviest wind and most intense wave action. For the North Atlantic acorn barnacle, wave action may not be the most important factor affecting cirri form because of their reduced feeding rate in the waviest time of year. Several fish have been identified as ''nippers'' of barnacle legs and penises (Stubbings, 1975) . Re-growth of damaged cirri after attacks may reduce the mean length of cirri in sites where those predators are abundant. Indeed, Hoch (2009) found that penises of barnacles in the same Stony Brook Harbor site were more often broken than those in the Shinnecock site and offered predation as a possible explanation.
Competition between barnacles for limited food suspended in the water column did not appear to influence the lengths of cirri observed in this study. There were no differences in mean cirri length between aggregations of barnacles with high or low numbers, in dense or sparse aggregations, or between the distance treatments in the transplant experiment. In the 2006 transplant experiment, there were significant interactions between site and distance and among volume, site and distance, but these may have been the result of differences in turbulence or flow regime between the differently spaced barnacles on the flat tile surface. Crowded barnacles have been observed to assimilate less food and grow more slowly (Wu, 1980) ; variation in cirri morphology may be able to provide a competitive edge to barnacles expressing particular phenotypes (B. A. . This study failed to capture the ability of S. balanoides to respond to competition with increased cirri length. However, other modifications not covered by this study, such as varied setae length or density and different feeding behaviors may be present. Alternatively, density at early ontogenetic stages (such as settlement) may be important for density dependent morphology later in life (Hills and Thomason, 2003) , the density and number of competing barnacles may not have covered a great enough range of variation to produce a detectable effect, or this study may have been carried out over too short a duration for density effects to manifest themselves in altered morphology. For the barnacle, Jehlius cirratus, artificial manipulations of population density (over 45 days) did not produce the same phenotypes observed in natural aggregations, suggesting that longer durations or altered density at settlement may indeed be needed to detect differences (López et al., 2010) . Overall, the North Atlantic acorn barnacle, S. balanoides, does seem to alter the morphology of its cirri in response its hydrodynamic environment, but in a more complex way than this study was designed to capture. Turbulence and forces of wave impacts most likely influence cirral length, but variation in response to other flow characteristics has impeded this study's ability to detect it. Semibalanus balanoides did not seem to adjust its cirral morphology based on abundance of neighbors or their settlement density. Based on work in other species, investigations of changes in cirri morphology and behavior over ontogeny (Geierman and Emlet, 2009) , across wave exposures (Marchinko, 2007) , and from regions with varying for larval supply (Hills and Thomason, 2003; would be fruitful areas for future studies of S. balanoides
